Introduction {#s1}
============

Expression patterns of some genes appear to be highly conserved even between distantly related species [@pone.0022677-Shubin1]--[@pone.0022677-AvidorReiss1]. One possible explanation for this observation is that *cis*-regulatory sequences retain their functions over long periods of evolutionary time. Sequence comparisons alone are unable to reveal whether orthologous *cis*-regulatory elements are functionally conserved. This is due to the fact that we are unable to deduce the spatio-temporal expression patterns from the primary sequence of putative promoters and enhancers [@pone.0022677-Wray1]. In at least some instances, regulatory elements that retain little recognizable sequence conservation can direct similar expression patterns [@pone.0022677-Hare1]. Thus, presently experimentation is the only way to establish whether *cis*-regulatory elements are functionally conserved between species, that is, whether a promoter can drive an expression pattern similar to its endogenous pattern, when placed in a different species.

A systematic survey of *cis*-regulatory elements from Drosophila suggested that few, if any, of them functioned properly when placed in *C. elegans* [@pone.0022677-Ruvinsky1]. Some directed little or no expression, while others were expressed in inappropriate patterns, e.g. neuronal enhancers driving gene expression in muscles. These results may indicate that the phylogenetic distance between flies and worms is too large for functional conservation of any promoters. Alternatively, distinct types of *cis*-regulatory elements may be evolving under different regimes. The majority of the *cis*-elements tested in swaps among distant species were from genes expressed in relatively narrow tissue-specific patterns. Therefore, the results to date may reflect the peculiar nature of these genes and may not be generalizable to all genes.

One type of genes that was not represented in the systematic functional survey of Drosophila *cis*-elements in *C. elegans* were stress-induced genes such as those encoding heat-shock proteins. To test whether *cis*-regulatory elements of these genes retained functional conservation for longer periods of time than promoters of tissue-specific genes, we examined expression patterns directed by Drosphila and human promoters of several stress-induced genes in *C. elegans*.

Results and Discussion {#s2}
======================

Promoters of Drosophila and human heat-shock genes are activated in *C. elegans* {#s2a}
--------------------------------------------------------------------------------

When placed in adverse environments, organisms activate an elaborate defense mechanism known as the heat-shock response [@pone.0022677-Lindquist1], that is characterized by increased transcription of heat-shock proteins [@pone.0022677-Morimoto1]. We tested whether promoters of Drosophila and human heat-shock protein genes can drive increased expression when placed in *C. elegans*. To characterize temporal and spatial patterns of transcription in response to heat shock we used constructs fusing promoters to reporter genes (see [Materials and Methods](#s3){ref-type="sec"} and Supporting Information for details).

We selected three Drosophila genes: *hsp26* [@pone.0022677-Sandaltzopoulos1]--[@pone.0022677-Glaser1], *hsp70Aa* [@pone.0022677-Simon1], [@pone.0022677-Shilova1], [@pone.0022677-Ishhorowicz1], *hsp27* [@pone.0022677-Pauli1], [@pone.0022677-Riddihough1], and a human gene *hsp105* [@pone.0022677-Trinklein1], [@pone.0022677-Ishihara1]. Reporter constructs fusing promoters (these were defined in previously published experimental studies) of the first two genes to GFP showed induction profiles characteristic of endogenous heat-shock gene activation ([Figure 1A, B](#pone-0022677-g001){ref-type="fig"}), although the highest fold of induction in both cases was lower than that seen in the endogenous *trans*-regulatory environment (compare [Figure 1](#pone-0022677-g001){ref-type="fig"} and [Table 1](#pone-0022677-t001){ref-type="table"}). The remaining two promoters were induced by heat shock ([Figure 1C](#pone-0022677-g001){ref-type="fig"}), although exposure to a higher temperature (35°C, not 33°C) was required to obtain consistent results. We also tested whether promoter of a *S. cerevisiae* heat-shock gene *ssa3* [@pone.0022677-Boorstein1] was inducible in *C. elegans* but failed to detect any evidence of heat-induced activation (data not shown).

![Induction of promoters of Drosophila and human heat-shock genes in *C. elegans*.\
A) Worms carrying reporter transgenes were heat shocked at 33°C for the indicated periods of time. The mRNA level was measured by quantitative RT-PCR. Each data point represents 3 independent biological replicates (with standard error). B) Same as in A), except each data point represents 2 independent biological replicates. C) Worms carrying reporter transgenes were heat shocked at 35°C, and 30--40 minutes later the mRNA level were measured by quantitative RT-PCR in 2 independent biological replicates.](pone.0022677.g001){#pone-0022677-g001}
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###### Heat-shock inducible genes examined in this study.

![](pone.0022677.t001){#pone-0022677-t001-1}

  Species               Gene     Promoter length   Endogenous induction                                                      Endogenous expression
  ------------------- --------- ----------------- ---------------------- -----------------------------------------------------------------------------------------------------------------------------
  *D. melanogaster*     hsp26        696 bp              90 fold                             Spermatocytes, nurse cells, epithelium, imaginal discs, proventriculus and neurocytes
  *D. melanogaster*    hsp70Aa       783 bp              200 fold         Third instar lavae. No expression without heat shock. Rapid induction in brain, salivary glands, imaginal disks and hindgut
  *D. melanogaster*     hsp27        605 bp              14 fold                    Early larval brain and gonads, imaginal discs of early pupae, adult central nervous system and germline
  *S. cerevisiae*       ssa3         1117 bp             20 fold                                                                      N/A
  *H. sapiens*         hsp105        1398 bp             28 fold                                                                      N/A

We next examined whether, when placed in *C. elegans*, promoters of Drosophila heat-shock genes are activated in spatial patterns comparable to the sites of their endogenous expression. The *cis*-elements that regulate inducibility may be separate from those conferring tissue-specific expression [@pone.0022677-Glaser1], [@pone.0022677-Lakhotia1], [@pone.0022677-Cohen1]. We examined the two constructs that showed the strongest and most consistent induction -- Drosophila *hsp70Aa* and *hsp26* ([Figure 2](#pone-0022677-g002){ref-type="fig"}). Upon heat shock, both were strongly upregulated in the pharynx and, to some extent, the intestine. Although the latter may represent an overlap with the sites of endogenous expression, expression in other tissues, most notably the nervous system, was conspicuously missing (compare with [Table 1](#pone-0022677-t001){ref-type="table"}). We interpret these differences as an indication that, in *C. elegans*, some components of the *trans*-regulatory environment are either missing from certain cell types (in this case neurons) or have functionally diverged to an extent that they are no longer able to activate expression from Drosophila heat-shock promoters.

![Expression patterns in *C. elegans* of Drosophila promoters of heat-shock genes fused to GFP.\
Worms were heat shocked at 33°C for 1 hour and allowed to recover at 20°C for 6--7 hours. Images are composites adjusted for exposure and taken in different planes.](pone.0022677.g002){#pone-0022677-g002}

Implications for understanding the evolution of transcriptional regulation {#s2b}
--------------------------------------------------------------------------

Our data suggest that promoters of all four tested Drosophila and human heat-shock genes retain the ability to be induced even in the context of a highly divergent *trans*-regulatory environment of a *C. elegans* as a host organism. Previously, it has been shown that a promoter of the Drosophila *hsp70* retains inducibility when placed into other divergent species [@pone.0022677-Mcmahon1]--[@pone.0022677-Corces1]. These results stand in stark contrast to the tests of Drosophila promoters of tissue-specific [@pone.0022677-Ruvinsky1] and possibly housekeeping ([Figure S1](#pone.0022677.s001){ref-type="supplementary-material"}) genes. In those cases little or no expression was seen for the majority of promoters and none that can be reasonably interpreted as conserved patterns.

Three explanations, which are not mutually exclusive, can account for our findings. First, different criteria are used to define "conservation" for promoters of tissue-specific and heat-shock genes. The former would be required to be expressed in similar spatial pattern (or at least in homologous cell types) in both compared species. In contrast, the latter would "only" need to be induced by stress, without conservation of pattern. When Drosophila heat-shock promoters are considered with regard to the spatial patterns of expression in *C. elegans*, they failed to recapitulate the correct pattern, a result that is no different from tissue-specific promoters [@pone.0022677-Ruvinsky1].

Second, stress-response networks appear to be highly conserved [@pone.0022677-Kirienko1]. This certainly applies to HSF, the heat-shock transcription factor responsible for induction of heat-shock gene expression [@pone.0022677-Vuister1], [@pone.0022677-Wiederrecht1]. A human ortholog is able to rescue a *S. cerevisiae* HSF mutant [@pone.0022677-Liu1] and a Drosophila ortholog can rescue a *S. pombe* mutant [@pone.0022677-Gallo1], despite some functional divergence [@pone.0022677-Sakurai1]. It is conceivable that the highly conserved nature of the HSF protein has contributed to the extraordinary level of functional conservation of heat-shock gene promoters. This explanation alone, however, does not appear to be sufficient as functions of other transcription factors are highly conserved between distantly related species [@pone.0022677-Westmoreland1], [@pone.0022677-Grens1].

Finally, appropriate tissue-specific patterns of gene expression are achieved by coordinated action of multiple independent transcription factors binding to *cis*-elements [@pone.0022677-Wray1], [@pone.0022677-Halfon1]. In many instances, this requires a particular *cis*-regulatory architecture, that is, the relative number, location and spacing of transcription factor binding sites [@pone.0022677-Crocker1]. Functional integrity of diverging orthologous *cis*-sequences is assured by the coevolution within *cis*-elements [@pone.0022677-Shaw1]--[@pone.0022677-Ludwig1], between transcription factors [@pone.0022677-Li1], [@pone.0022677-Liu2], and between transcription factors and their binding sites [@pone.0022677-Athanikar1]. Over extended periods of time, such as that separating the nematode and arthropod lineages, enough changes must accumulate to render most Drosophila enhancers "unintelligible" to *C. elegans* transcriptional machinery.

In contrast, transcriptional activation of heat-shock genes is mediated by the binding of the heat-shock transcription factor (HSF) to HSF binding elements (HSEs) within promoters [@pone.0022677-Akerfelt1]. The presence of HSE sites in heat-shock promoters is a major determinant of inducibility, although other factors also influence levels of induction [@pone.0022677-Simon1], [@pone.0022677-Fernandes1] and even whether a particular promoter is a target of HSF [@pone.0022677-Guertin1]. We searched for occurrences of a motif previously defined as a binding site of *C. elegans* HSF [@pone.0022677-GuhaThakurta1] in promoter sequences of Drosophila and human promoters tested here ([Figure S2](#pone.0022677.s002){ref-type="supplementary-material"}). We found strong matches to consensus motifs in all promoters except for *hsp27*. In Drosophila genes many motifs overlapped with previously annotated HSEs [@pone.0022677-Tian1]. If the presence of HSEs in promoters is highly constrained during evolution, and if their presence is sufficient for inducibility [@pone.0022677-Fernandes1], the *cis*-regulatory elements of heat-shock genes may retain functional conservation for long periods of time. We propose that the elements of transcriptional gene regulation, such as inducibility, that are controlled by "simpler" regulatory logic may retain functions over longer periods of time. In contrast, promoters that integrate multiple signals undergo relatively rapid turnover compensated by coevolving transcription factors and *cis*-regulatory sequences.

Materials and Methods {#s3}
=====================

Plasmids and worm strains {#s3a}
-------------------------

Putative *cis*-regulatory regions were PCR amplified from genomic DNA of relevant species. Worm genomic DNA was extracted from *C. elegans* N2 strain or *C. briggsae* AF16 strain. Drosophila DNA was a gift of Cecilia Miles (The University of Chicago). Human genomic DNA was obtained from Clontech (catalog \# 636401). The PCR products were cloned upstream of GFP (vector pPD95.75) or mCherry (vector pPD95.79) reporter genes. Constructs were sequenced before injections (complete sequences are shown in [Figure S2](#pone.0022677.s002){ref-type="supplementary-material"}). The Hsa hsp105::GFP and Dme hsp27::GFP constructs were injected at 0.5 ng/µl because injections at higher concentrations appeared to cause lethality. All other constructs were injected at 5 ng/µl. Constructs were co-injected with a *pha-1* rescuing construct (at 10 ng/µl) into *C. elegans pha-1* (*e2123*) strain [@pone.0022677-Granato1]. Because this *pha-1* mutation is a conditional lethal, all surviving progeny can be presumed to be transgenic. In cases when reporter gene expression was not detected, we further verified by PCR that worms did indeed carry appropriate transgenic constructs. Dozens of individuals from multiple independent strains were examined to ensure consistency. Photographs were taken on a Leica DM5000B compound microscope.

Heat shock {#s3b}
----------

Gravid worms were bleached. The newly hatched L1 larvae were placed on NGM plates seeded with OP50 bacteria and allowed to grow at 20°C for 46 to 50 hours. 30 to 100 worms were then transferred to OP50-seeded NGM plates that were then placed at the heat-shock temperature or 20°C (controls) for the indicated time periods. This was followed by a 20-minute recovery at 20°C. Next, the worms were washed off the plates with M9 solution and pelleted by centrifugation. The worms were then washed twice with M9 and snap-frozen.

RNA and DNA extraction, and quantitative RT-PCR {#s3c}
-----------------------------------------------

Total RNA was extracted using PrepEase® RNA Spin Kit (USB, catalog \#78767). The manufacturer\'s protocol was slightly modified: 350 µl buffer RA1 and 4 µl β-ME were added to each sample containing 30--200 worms, vortexed for 1 minute, and subjected to 4 cycles of snap-freezing and thawing. Samples were vortexed for 30 to 60 minutes and purified as described in the manufacturer\'s protocol. mRNA was reverse transcribed with the iScript™ cDNA Synthesis Kit (Bio-Rad catalog \#170-8891). Worm DNA was extracted with the DNeasy Blood & Tissue Kit (Qiagen, catalog \#59504). qPCR was done using either the SYBR® Advantage® qPCR Premix (Clontech, catalog \#639676) or the HotStart-IT® SYBR® Green qPCR Master Mix (USB, catalog \#75762) using ABI 7900HT Fast Real-Time PCR System. Expression levels of reporter constructs were normalized to endogenous non-inducible ([Figure S3](#pone.0022677.s003){ref-type="supplementary-material"}) genes *act-2* (actin, WBGene00000064) and *gpd-2* (glyceraldehyde-3-phosphate dehydrogenase, WBGene00001684). Relative levels of induction were calculated based on the amount of expression just prior to the start of heat-shock treatment.

Experimental controls {#s3d}
---------------------

As a positive control, we verified that promoters of *C. elegans* and *C. briggsae* heat-shock genes can drive increased expression upon heat shock when fused to reporter genes. We tested promoters of *C. elegans hsp-70* (WBGene00002026) and its *C. briggsae* counterpart (WBGene00040668). As shown by quantitative reverse transcription followed by PCR (qRT-PCR), expression from the endogenous loci of these genes was induced (∼70 to ∼300 fold) within 10 minutes from exposure to heat (30°C; [Figure S4](#pone.0022677.s004){ref-type="supplementary-material"}). Constructs fusing promoters of these two genes to GFP were injected in *C. elegans*. Strains carrying these constructs displayed induction of expression upon heat shock ([Figure S4](#pone.0022677.s004){ref-type="supplementary-material"}), which was qualitatively consistent with induction profiles of endogenous genes. As a negative control, we showed that expression of transgenes fusing mCherry or GFP to promoters of genes not known to be heat-induced (*myo-2* and *unc-47*) remained unchanged after a heat shock ([Figure S3](#pone.0022677.s003){ref-type="supplementary-material"}). Taken together, these experiments demonstrate that transgenic nematodes carrying promoter fusions to reporter genes could capture, at least qualitatively, the ability of a promoter to be induced under conditions of heat shock.

Supporting Information {#s4}
======================

###### 

**Expression pattern in** ***C. elegans*** **of the Drosophila promoter of housekeeping gene** ***Gapdh2*** **fused to GFP.**

(PDF)

###### 

Click here for additional data file.

###### 

**Sequences of** ***cis*** **-regulatory elements tested in this study.** Species, names of the genes and the length of inserts are indicated as well as whether these were fused to GFP or mCherry.

(DOC)

###### 

Click here for additional data file.

###### 

**Controls.** A) Endogenous expression of *C. elegans* genes *act-2* and *gpd-2* is not induced after heat shock. Expression of promoter-reporter gene constructs B) *myo-2*::mCherry and C) *unc-47*::GFP is not induced after heat shock.

(PDF)

###### 

Click here for additional data file.

###### 

**Induction by heat shock of endogenous** ***C. elegans*** **and** ***C. briggsae hsp-70*** **genes and of transgenic constructs fusing their promoters to GFP.** Relative levels of induction were calculated based on the amount of expression just prior to the start of heat-shock treatment.

(PDF)

###### 

Click here for additional data file.
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